We measured the production cross-sections of 86,87m,87(m+g),88 Y radioisotopes for proton-induced reactions on natural zirconium by using a stacked-foil activation technique in the energy range of 4-40 MeV at the MC50 cyclotron of the Korean Institute of Radiological and Medical Sciences. The activation method and the stacked-foil technique using the high-resolution HPGe gamma spectrometry were applied to determine the production crosssections. The beam current was determined by the monitor reactions 
I. Introduction
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Activation cross-sections of proton-induced nuclear reactions are of interest for several fields; the knowledge of excitation curves is needed for optimization of radioisotope production, wear studies by thin layer activation (TLA) and in general for studies of behavior of materials particle irradiation. The radionuclide 90 Y (T 1/2 =64.1 h, I = 100 %, E = 2.3 MeV) is one of the widely used therapeutic nuclides. However, it is not suitable for imaging. A general solution to this problem has been to substitute 90 Y by a -or -emitting yttrium radioisotope. In a few studies 87 Y (T 1/2 = 79.8 h, EC= 99.8 %, E = 388.5 keV (82.1 %) and E = 484.8 keV (89.7 %)) in combination with Single Photon Emission Computed Tomography (SPECT) was used. The positron emitting 86 Y (T 1/2 =14.7 h, I = 33 %, E = 1.2 MeV), however, has proved to be more useful because of the possibility of imaging via Positron Emission Tomography (PET).
The database for the proton-induced activation on zirconium (Zr) is rather weak. The present experiment was undertaken to give reliable cross sections for the formation of yttrium radioisotopes via the nat Zr(p,x) processes as a part of our studies on particles induced activation on metals 1) .
II. Experimental Technique
A high-purity (99.98 %) Zr foil (500 m thick) with a natural isotopic composition ( Zn to check beam behavior along the stack. The copper foils were also used to degrade the beam energy. These two stacks were irradiated for 18 minutes and for 30 minutes with 42 MeV proton beam of 10 mm diameter at beam current of about 100 nA in the external beam line of the MC50 cyclotron at the Korea Institute of Radiological and Medical Sciences (KIRAMS). The beam intensity was kept constant during the irradiation. It was necessary to ensure that equal areas of the monitor and the target foils intercepted the beam. The irradiation geometry was kept in a position so that the foils received the maximum beam intensity.
III. Data Analysis
A HPGe -ray detector (EG&G Ortec.) was used to measure the radioactivity of the residual nuclei in the activated foils without chemical separation. The HPGedetector was coupled with a 4096 multi-channel analyzer (MCA) with the associated electronics to determine the photo peak area of the -ray spectrum and Maestro data acquisition software. The spectrum analysis was done using the program Gamma Vision 5.0 (EG&G Ortec). The sourceto-detector distance was kept long enough to assure a low dead time and a point-like geometry. Measurements were started about 5 hours after the end of irradiation, due to the high radiation dose of the short-lived products. Special care was taken to complete decay of shorter-lived parent nuclides in measurements of cross sections for cumulative formation of the corresponding longer-lived daughter nuclides. Each sample was recounted 4 times giving several days intervals to avoid disturbance by overlapping -lines from undesired sources and in order to find any mistake in data analysis to more accurately evaluate the cross-sections. Measurements were done at 15 cm and 25 cm distances between the sample and the detector to keep dead time within 10 % and to suppress the sum-coincidence effect caused by the coincidental detection of two or more -rays in cascade.
The efficiency versus energy curve of the HPGe -ray detector for the counting distance was determined using the standard point sources, 133 2) , respectively. The monitor foils were irradiated simultaneously and measured with the same detector and in a comparable geometry as the zirconium target. The loss of proton flux through the stack was very small and not measurable practically. The beam intensity was considered constant to deduce cross-sections for each foil of the stack. The beam energy loss in foils of the stack was calculated by using the SRIM-2003 3) code. The -ray count rates were converted to decay rates by correcting for the -ray intensities and the efficiency of the detector using the well known formula as shown elsewhere 1) . The decay data of the radioactive products were taken from the NUDAT database (National Nuclear Data Center, information extracted from the NuDat database, http://www.nndc.bnl.gov/nudat2). The decay data are collected in Table 1 .
From the decay rates of the radioactive products and the measured beam intensity, the cross-sections of the investigated nuclear reactions were determined using the well known activation formula that has given details in our previous published paper. 1) The following uncertainties were considered in order to derive the total uncertainty in each cross-section: statistical uncertainty of -ray counting (2-5 %), uncertainty in the monitor flux (~5 %) and the uncertainty in efficiency calibration of the gamma ray detector (~4 %). The overall uncertainty in the cross-section measurements is around 8-12 %.
IV. Results and Discussion
The measured cross-sections were obtained from two experiments and found good agreement between them. Our new experimental results are shown in Fig. 1 together with values given in the earlier investigations and compilations. We present the so-called elemental cross-sections, supposing the targets to be monoisotopic. We discuss the various reactions below. Fig. 1 . Two data sets were reported by Michel et al. 4) and Kondratev et al. 5) , respectively. A large discrepancy is present between them. The result measured by Michel et al. has similar shape, but overestimate the values of this work. The result obtained by the ALICE-IPPE code 6) shows the same overall general behavior as the experimental data both in shape and magnitude. 
3.
nat Zr(p,xn) 87m,g Y Process The cross-sections for the cumulative production of the ground state by the nat Zr(p, xn) process and by 98.43 % internal transition decay of the metastable state were measured as shown in Fig. 1 .
Attention was paid to the complete internal decay of the metastable state to measure cumulative production crosssections. The measured cross-sections are mainly the sum of cross-sections for the formation of the metastable state and the ground state. As it can be seen in Fig. 1 , by bombarding the spin/parity = 0 target nuclei with protons the production cross-section for the high spin isomeric state (spin/parity = Supplement 5, June 2008
V. Conclusions
Excitation functions for the formation of yttrium radioisotopes from proton induced activation on natural zirconium were measured over the energy range 4 to 40 MeV. We report new data for the formation of these isotopes. Theoretical calculations using the precompound hybrid model code ALICE-IPPE gave results, which are partially consistent with the experimental data. On the basis of the systematic investigations the following conclusion can be drawn:
a) Very few experimental data exist for protons below 40 MeV. b) The measured nuclear data can be effectively used for selection of optimum production routes. c) Experimental data like the ones measured in this work could thus play an important role in improving the models and adjusting input parameters. From the excitation functions and yield curves, the optimum energy range for the production of Y is not suitable for TLA. Our data would be useful for the optimization of medical isotopes in the interaction of protons with zirconium target using medium energy cyclotrons and estimation of radiation safety.
